Photoluminescence (PL) of nanocrystalline Si (nc-Si) assemblies formed by thermal crystallization of amorphous Si/SiO 2 and SiO/SiO 2 superlattices (SLs) has been investigated at different temperatures and excitation conditions. The low temperature resonant PL spectroscopy reveals phonon-assisted excitonic recombination. At room temperature the samples formed from a-SiO/SiO 2 SLs possess relatively high PL quantum yield (∼ 1%). The PL transients have nonexponential decay, which indicates the exciton energy transfer in nc-Si ensembles. The excitonic energy of Er-doped nc-Si SL structures can be almost completely transferred to Er ions incorporated in SiO 2 matrix that results in a strong emission line at 0.81 eV.
INTRODUCTION
Nanocrystalline Si (nc-Si) structures fabricated by controlled crystallization of amorphous Si/SiO 2 [1] and SiO/SiO 2 [2] superlattices (SLs) are attractive for future electronic and optical applications because of their well defined structure and full compatibility with the standard Si technology. The structures formed from a-Si/SiO 2 SLs have a well-defined order in the direction perpendicular to the layer, but are disordered laterally due to the grain boundaries [1] . The electrical transport in such structures at low temperatures has been shown to be governed by resonant hole tunneling via quantized valence band states in nc-Si [3] . The nc-Si assemblies formed from a-SiO/SiO 2 SLs consist of 3D-arranged size-controlled Si nanocrystals, which exhibit rather strong room temperature photoluminescence (PL) [2] . The Er doping of nc-Si SL structures results in a material which can emit efficiently at 1.5 µm [4] . In the present work, the PL properties of the both types of nc-Si structures are investigated under different temperatures and excitation conditions. We demonstrate that the excitonic energy transfer influences the photoexcited electron-hole recombination in nc-Si ensembles.
EXPERIMENTAL DETAILS
Amorphous SiO/SiO 2 SLs were prepared by alternating reactive evaporation of SiO powder in vacuum or in oxygen atmosphere on c-Si substrate (see for details [2] ). The thickness of SiO layers d SiO was varied from 2 to 6 nm, while the SiO 2 layer thickness d SiO2 was 2-4 nm. The number of SiO/SiO 2 periods was typically 30-70. The samples were subjected to a conventional furnace annealing at 1100 o C in N 2 -atmosphere for 1 hour. Some part of the samples were Erimplanted at 300 keV with dose of 2·10 15 cm -2 . The Er-implanted samples were subjected to a thermal annealing at 900 o C for 64 min in order to anneal the implantation defects. The mean nanocrystal size d nc-Si was found to be close to d SiO and remains constant after Er implantation and following annealing. The inset of Fig. 1 shows a transmission electron microscopy (TEM) cross-sectional image of a nc-Si/SiO 2 SL structure.
Samples based on a-Si/SiO 2 SLs were prepared on c-Si substrates by magnetron sputtering followed by controlled crystallization. Finally they consist of 10-20 alternating layers of nc-Si (d nc-Si = d Si = 4 nm ) and a-SiO 2 (d SiO2 =1-2 nm) (see for details [1, 3] ).
A HeCd laser (E exc =2.8 eV) or a N 2 -laser (E exc =3.7 eV, pulse duration 10 ns) were used for the PL excitation. The resonant PL excitation was done by a Ti-sapphire laser (E exc =1.4 -1.7 eV) pumped by an Ar + -laser. The intensities of both CW and pulsed lasers were chosen to be kept in a linear regime of the PL excitation. The PL in the spectral region from 0.7 eV to 2.5 eV was detected by using a spectrometer equipped with a CCD array or InGaAs photodiode. The PL spectra were corrected for spectral response of the measurement system. Transient PL experiments were carried out using a mechanical modulation of the exciting light. The PL transients in the spectral range from 1.1 to 2.2 eV were measured by a S1-photomultimpler with a preamplifier (time response 10 µs). Figure 1 shows PL spectra of different nc-Si/SiO 2 structures at room temperature. The PL intensity of the samples formed from a-SiO/SiO 2 SLs is much higher than that for the a-Si/SiO 2 based. 
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The maximal PL quantum yield (∼1%) is observed for the former samples with d SiO = 3-4 nm. The estimated yield gives probably the lowest limit because the exciting light is not completely absorbed in the investigated nc-Si structures due to their small thickness (< 200 nm). The rather high PL yield of the samples formed from a-SiO/SiO 2 SLs can be explained by a good passivation of non-radiative recombination defects and the optimal spacing of size-controlled Si nanocrystals. These structural properties result in a suppression of non-radiative losses of photoexcited carriers. Indeed, the PL yield of our nc-Si SLs is almost independent of the temperature. Figure 2 presents the resonantly excited PL spectra of a sample produced from an a-SiO-based SL. The momentum conserving TO and 2TO phonon replicas at about 56 and 112 meV below the excitation line, respectively, become more pronounced when the excitation photon energy falls into the PL band. The similar phonon related features were also observed in the resonant PL spectra of nc-Si structures formed from a-Si/SiO 2 SLs [5] . Note, that the phonon replicas are not very sharp in our nc-Si structures. Furthermore, the ratio between the 2TO-and TO-related PL features as well as between the TO-related and no-phonon ones is about 2-3, what is smaller than that for porous Si [6] . This fact indicates an additional breaking of the momentum conservation rule for the exciton radiative transition in nc-Si/SiO 2 structures. Figure 3 shows typical PL transients of nc-Si SLs at different temperatures. The PL transients I PL (t) can be well fitted by a stretch exponential function, defined as
where τ 0 is the mean lifetime and β is the dispersion parameter. The stretched exponential decay with β < 1 corresponds to the existence of a distribution of PL lifetimes, which can be due to a diffusive motion of photoexcited carriers in nc-Si ensemble [7] . Also, the non-exponential decay can be caused by an energy transfer from nc-Si, which does not imply the charge motion. For instance, it can be realized via the Förster mechanism of dipole-dipole interaction [8] . The temperature dependence of τ 0 for our samples is well described by a simple model of the radiative singlet-triplet excitonic recombination [9] . The exciton lifetime can be written as
where ∆ is the exciton exchange splitting energy, τ T and τ S are the triplet and singlet lifetimes, respectively. The fit of the experimental data according to Eq.(2) gives the following parameters: ∆=9 meV, τ T =3 ms and τ S =20 µs, which are close to the results for Si nanocrystals distributed randomly in SiO 2 [10] . Note, that the obtained value of ∆ is ∼2 times larger, while τ T , and τ S are 2-3 times smaller than the corresponding parameters for the porous Si PL at the same detection energy [6] . This fact can be explained by different boundary conditions for excitons in ncSi/SiO 2 and in porous Si. In particular, the shorter τ S for nc-Si/SiO 2 means faster rate of the radiative recombination, which correlates with the observed enhancement of the no-phonon transition in the resonantly excited PL. Also, the lifetimes can be shorted by the energy transfer.
As one can see from Fig. 4 (b) , at room temperature β is equal to 0.7 and 0.6 for the samples made from a-Si-and a-SiO-based SLs, respectively. While β increases slightly with temperature decrease, at any temperature it is smaller for the a-SiO-based structure. This fact evidences a larger lifetime distribution in the a-SiO-based SLs. Since this type of nc-Si structures is characterized by the small dispersion of d nc-Si [2] , the lifetime distribution should be caused by the transfer of charge or/and energy of photoexcited carriers through nc-Si arrays. This process differs from that in porous Si, where the thermally activated dependence of β was observed and attributed to the trap-controlled hopping mechanism [7] .
We believe that the non-exponential PL decay in nc-Si/SiO 2 SL structures originates from the energy transfer to neighboring Si nanocrystals, i.e. the exciton migration. The small size dispersion of Si nanocrystals as well as the thin SiO 2 barriers between them (see inset of Fig. 1 ) favor the exciton migration in the nc-Si ensemble at least for the in-plane direction. In general, the migration is possible through SiO 2 barriers even without tunneling because it can be realized via the long-range Coulomb interactions, e.g. via the Förster mechanism. The possibility of energy transfer through the nc-Si/SiO 2 SL structure can be employed to excite optically active centers like rare earth ions embedded in SiO 2 . Figure 5 shows typical room temperature PL spectra of undoped and Er-doped nc-Si/SiO 2 structures formed from a-SiO/SiO 2 SLs. A strong quenching of the intrinsic excitonic PL at ∼1.5 eV and an appearance of the Er 3+ emission at 0.8 eV are observed for the Er-doped sample. The similar effects take place for all Er-implanted samples formed from a-SiO/SiO 2 SLs. We note, that the Er-related PL of the reference sample (a homogeneous 200 nm thick a-SiO 2 layer implanted with the same Er dose) was 3-4 orders of magnitude weaker. Therefore the Er 3+ ions in the nc-Si/SiO 2 structures are sensitized by nc-Si.
The quantitative analysis of the efficiency of the energy transfer from nc-Si to Er 3+ is possible when the ratio between the spectrally integrated intensities of the Er 3+ PL in Er-doped structures I Er (0.75-0.9 eV) and the exciton PL in the undoped reference samples I nc-Si (1.1-2.1 eV) is considered. The inset of Fig. 5 shows that the ratio I Er /I nc is about 0.2-0.3 for the samples with d SiO = 3-6 nm and it reaches 1.3±0.3 for d SiO = 2 nm. The last value implies that the energy transfer from nc-Si to Er 3+ competes successfully with non-radiative recombination in the nc-Si structure and even initially "dark" nanocrystals into them can contribute to the Er 3+ sensitization. It means that the energy transfer event occurs very fast, i.e. on a submicrosecond time scale.
It should be noted, that Si nanocrystals in the samples produced from a-SiO/SiO 2 SLs are spatially closely assembled and thicknesses of SiO 2 barriers between them are typically 1-2 nm and 2-4 nm for the in-layer and perpendicular to layer directions, respectively (see inset in Fig. 1 ). Since the optically active Er 3+ ions are mainly located in the SiO 2 matrix, they are maximum 2 nm away from Si nanocrystals. For such short distances the coupling between excitons in nc-Si and Er 3+ should be very efficient, considering both the Förster transfer mechanism [8] or higher order multipole interactions [11] lie within the spectral range of the nc-Si PL. Thus, the necessary condition for the Förster-Dexter transfer is satisfied [8, 11] .
In conclusion, the optically excited nc-Si structures formed from a-SiO/SiO 2 and a-Si/SiO 2 SLs show excitonic PL, whose intensity is higher for the a-SiO/SiO 2 -based samples due to the better arrangement of size-controlled Si nanocrystals. The PL transients of both types of the structures are characterized by the stretched exponential decay, which indicates the energy transfer among nc-Si. The energy transfer is favored by the narrow size distribution of Si nanocrystals and small distances between them. The efficient excitation of Er 3+ in the Er-doped nc-Si/SiO 2 SL structures is found and explained by the strong coupling between the excitons in nc-Si and Er 3+ ions in surrounding SiO 2 matrix. The high efficiency of the excitonic PL as well as the possibility of its almost complete conversion into the Er 3+ emission provide perspectives for the optoelectronic applications of the size-controlled nc-Si/SiO 2 SL structures.
